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Injury of the arterial wall induces the 
synthesis of gene products that stimulate 
smooth muscle cell migration and prolifer- 
ation, leading to intimal hyperplasia (1). 
This process contributes to the pathogene- 
sis of several cardiovascular disorders, in- 
cluding atherosclerosis. Another common 
and clinically significant setting for such 
injury is balloon angioplasty. In this proce- 
dure, a stenotic artery is dilated mechani- 
cally with a balloon on a catheter to restore 
blood flow in coronary arteries. However, 
in many cases, a reactive cellular prolifera- 
tive response leads to regrowth of cells 
locally that impinges on the lumen and 
compromise* blood flow. Thl$ process, 
called restenosis , has been refractory to 
conventional treatment approaches such as 
antiplatelet agents, aivgiotcnsin-convcrting 
enzyme antagonists, or cytotoxic drugs in 
humans (2, 3). Genetic interventions to 
limit cellular proliferation at specific sites in 
the arterial wall could thus provide insight 
into the pathogenesis and possible treat- 
ments of vascular proliferative diseases. 

Balloon injury of porcine urtcrics pro- 
vides an animal model relevant to human 
vascular diseases. The arterial bed of swine 
has a size and structure that is histologically 
and biochemically similar to human coro- 
nary arteries, including a developed intima 
consisting of clastic tissue, collagen, scat- 
tered smooth muscle cells, and endotheli- 
um (4). Swine arc also susceptible to spon- 
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ical staining of serial arterial sections with a 
monoclonal antibody to 5-bromr>2'-deoxy- 
cytoaine (BnJC) to detect its incorporation 
into cellular DNA and an antibody to 
smooth muscle ot-actin to identify smooth 
muscle cellk (19) r Incorporation of BnJC 
was maximal at 4 to 7 days after the injury 
and subsided by 14 days (Fig. 1). Continued 
expansion of the arterial intima occurred 
preferentially by deposition of extracellular 
matrix through 21 days (20). 

The efficacy of the herpesvirus tk in 
limiting porcine vascular smooth muscle 
cell growth was first assessed after gene 
transduction and exposure to ganciclovir in 
vitro. Cells infected with a control adeno- 
viral vector lacking £1 and containing no 
insert (ADV-AE1) were resistant to ganci- 
clovir at high concentration!. In contrast, 
cells infected with an adenoviral vector 
expressing tk (ADV-tk) were completely 
nonviable within 48 hours after exposure to 
ganciclovir (Fig, 2A). Mixtures of trans- 
duced and nontransduced porcine vascular 
smooth muscle cells showed that as few as 
10% of cells transduced with this gene 
conferred susceptibility of the entire culture 
to ganciclovir. Thus, the bystander effect, 
previously demonstrated in a variety of 
malignancies (16, 18), effectively inhibited 
vascular smooth muscle cells in vitro. 

Although several studies have used ret- 
roviral vectors to deliver a recombinant fJt 
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Accumulation of vascular smooth muscle cells as a consequence of arterial injury is a major 
feature of vascular proliferative disorders. Molecular approaches to the Inhibition of smooth 
muscle cell proliferation in these settings oould potentially limit intimal expansion. This 
problem was approached by introducing adenoviral vectors encoding the herpesvirus 
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When this vector was introduced Into porcine arteries immediately after a balloon injury, 
Intimal hyperplasia decreased after a course of ganciclovir treatment. No major local or 
systemic toxicities were observed. These data suggest that transient expression of an 
enzyme that catalyzes the formation of a cytotoxic drug locally may limit smooth muscle 
cell proliferation In response to balloon injury. 



taneous (5) and diet -induced atherosclero- 
sis (6) that morphologically and topograph- 
ically leaemUo human atherosclerosis (7)- 
In addition, several inherited genetic car- 
diovascular disorders, including hypcrlipid- 
etmla and deficiency of von Willehrand's 
factor (vWF) , share similar features to the 
corresponding human disease (5, 8)- Bal- 
loon angioplasty of porcine arteries results 
in smooth muscle cell proliferation and 
eccentric intimal thickening (9-11), and 
the histological appearance it very similar 
to the proliferative intimal tissue of human 
restenosis (11, 12). Direct gene transfer 
into porcine arteries has also been achieved 
(13), and the biologic effects of several 
recombinant genes have been analyzed in 
genetically modified arteries (14). 

We reasoned that local delivery of an 
antiproliferative agent during the peal of 
smooth muscle cell division after balloon 
injury might limit intimal hyperplasia- Pre- 
vious failures to accomplish this effect with 
cytotoxic drugs were likely due to rapid 
removal of the drugs by the arterial circu- 
lation. One common approach to the selec- 
tive elimination of dividing cells is to ex- 
press a recombinant gene, herpesvirus thy- 
midine kinase (tk), which converts the 
nucleoside analog ganciclovir into an active 
toxic form in transduced cells {IS, 16)- The 
tk enryme phosp hot y laic* gauciiJuvir in 
vivo, and ifs subsequent incorporation into 
DNA induces chain termination in divid- 
ing cells, causing cell death (17)- The 
introduction of this recombinant gene into 
normal arteries has no effect on nondivid- 
ing cells (18). To develop genetic interven- 
tions for balloon injury in the pordiu: 
model, we defined the kinetics of smooth 
muscle cell proliferation in the intima after 
balloon injury to the iliofemoral ancry- 
Proliferation was observed 24 hours after 
injury as determined by immunohistochem- 
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Fig. 1 . Effect of balloon injury on smooth muscle 
cell proliferation in injured porcine arteries. Pro- 
liferation ol intimal colls was measured In In- 
jured porcine Iliofemoral arteries with BrdC la- 
beling 1 to 60 days after balloon angioplasty (n 
= four arteries at each time point, two arteries 
per animal). Intimal ceil proliferation was mea* 
sured by counting Uie numbui of labeled and 
unlabeled nuclei In four quadrant cross flec- 
tion of balloon-injured and uninjured arteries 
with a microscope- based video image analysis 
system [14, 23). Injured iliofemoral arteries 
(solid ba/s) and uninjured carotid artsries 
(open bars) were examined in the same animal. 
Standard error bars are shown. Additional im- 
munohlstochemloat studios with an antibody to 
smooth muscle a-actln Identified proliferating 
intimal cells as smooth muscle In origin. 
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gene to selected tlssucb (16, IS), the rela- 
tive percentage o( cells transduced in vivo 
can be limiting- Studies have suggested that 
the efficiency of geiic transfer into arteries 
can be improved with adeiitivlrnl vectors 
(2/). To determine whether expression 
could be achieved at the appropriate sites in 
vivo, we introduced adenoviral vectors into 
injured porcine iliofemoral arteries hy 
means of a catheter delivery system (i3. 
22). Initially, to determine cell types that 
could be transduced Jn vivo, arteries were 
infected with an adenovirus vector encod- 
ing a reporter gene, human placental alka- 
line phosphatase (23) T immediately after 
balloon injury. Infection with this vector 
resulted in gene expression in smooth mus- 
cle cells in the intima and lumcnal region of 
the media, as assessed by hi&cochcmical 
studies in arterial sections (Fig. 2, B to D). 
These data suggested that genetic modifica- 
tion of relevant vascular cell types could be 
achieved in vivo and used to modulate the 
response to injury. Although gene expres- 
sion in such models might be transient, 
expression of the appropriate gene at the 
time of the injury might exert long-term 
effects on cellular proliferation »nd alter the 
diameter of the arterial lumen. 

We next determined whether an ADV- 
tlc vector could alter the development of 
intima! hyperplasia after balloon injury in 
vivo. The right and left iliofemoral arteries 
of domestic pigs were subjected to balloon 
injury for cither 1 or 5 min, and the 
ADV-tk vector was immediately introduced 
into the arteries by cathncr (23). Tbinv - 
six^ hm i rv a f te r inhirv and artery transa c- 
tion, a control group, transferred with the 
ADV-tk vector, received intravenous saline 
treatments (ADV-tk/-GC) (Fig. 3, A. B, 
and D). A separate group was administered 
a 6 day treatment of ganciclovir, 50 mg per 
kilogram of body weight per day (ADV-tk/ 
+GC) (Fig. 3, A, B ( and D). In additional 
studies, a control El-delcted vector, ADV- 
AE1, was introduced into injured iliofemo- 
ral arteries, and animals were treated with 
ganciclovir (ADV-AE1/+GC) or saline 
(ADV-AE1/-GC) (Fig. 3, C and D). 
Three weeks after balloon injury and adeno- 
viral Infection, we measured the areas of the 
intimu and the media in each artery by 
quantitative morphometry and determined 
the intimal to medial (I/M) area ratios. A 
significant reduction in the I/M area ratio of 
—87% in the I-min injury and —54 to 59% 
in the 5-min injury was observed (as mea- 
sured by t test or analysis of variance 
(ANOVA) with Dunnett'si test, respective- 
ly (both T < 0.05) (23, 24)1 in animals 
mmsduccd with ADV-ik and treated with 
ganciclovir compared with ADV-tk- or 
ADV-AEl -transduced animals treated with 
saline (fig. 3). A reduction in intimal DidC 
incorporation of 40% was observed in ADV- 
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tk/+GC~rrefHed animals compared with 
ADV-tk/ -CX^-i rented animals 7 days after 
gene transfer (25), indicating thai inhihirion 
of smooth muscle cell proliferation contrih- 
ured to this effect. No response was noted in 
animals receiving A DV- AH I after treatment 
with ganciclovir (Fig. 3, C and D). The 
percent reduction of intimal hyperplasia in 
animals treated with ADV-tk/+GC was 59, 
57, and 54% compared with animals treated 
with ADV-tk/-CJC, ADV-AEI/-GC, and 
ADV-AE1/+GC, respectively. A significant 
reduction was observed 6 weeks posttreat- 



mcnt (Fig. 3D), suggesting that this reduc- 
tion in intimal hyperplasia was stable. Such 
a reduction ha& not been observed after the 
introduction of other recombinant genes in 
the porcine model (14) and was of sufficient 
magnitude to potentially affect arterial blood 
flow. 

Studies with adenoviral vectors admin- 
istered through an endobronchial pulmo- 
nary route have raised questions about the 
immunogenicity and toxicity of this vector 
delivery system which might limit their 
utility in clinical setting* (26). In Our study, 
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Fig. 2. In vitro sensitivi- 
ty- of porcine vascular 
smooth mu&cle cells to 
ganciclovir after AOV-Ik 
infection, and transduc- 
tion of porcino arteries 
by adenoviral vectors 
after catheter balloon 
injury in vivo. (A) Sensi- 
tivity ol ADV Ik-trans- 
duced porcine vascular 
smooth muscle cells to 
ganciclovir. Primary pig 

aortic smooth muscle cells were maintained in Dulbeccos 
modified eaglo medium (DM EM) containing 20% fetal calf 
sorum. Primary colls (1x10*) wore infected with ADV-lk or 
ADV-AE1 (10 10 PFU/ml). respectively, at a .multiplicity of 
Infection of 300 (35). Twenty-four hours lator, adenovirus- 
infected cells were washed with media three times and 
harvested with 0.05% trypsin-0.5 mM EDTA treatment. Cells 
were mixed with uninfected cells in ratios of 0 to 100% and a 
concentration of 1 x 1 0 4 cells per 200 id per well in a 96-well 
plate. The cells wore incubated overnight at 37°C in a 5% 
C0 2 Incubator to permit adherence to the plate, and the 
media was then changed to fresh media containing 5 u,M 
ganciclovir. Cultures were terminated at 5 days, and cell proliferation was measured by a 
colorimetrlc a6say (36). Cell proliferation was proportional to the absorbance (A) al the test 
wavelength (570 nm) with subtraction of the reference wavelength (650 nm). Symbols; m t colls 
infectod with ADV-tK/+GC; O, cells infected with ADV-AE1/+GC. Infection of Inured arterial* 
vascular smooth muscle cell3 with ADV-AE 1 vector (B) or an adenoviral vector oncodlng human . 
placontal alkaline phosphatase (C) (23, 35). Histochemical staining for alkaline phosphatase was 
performed 5 days after injury and arterial Iranstection as described (23). Arrows denote positively 
stained, transduced cells. Immunnhi8lc>chemical staining with an antibody to smooth muscle a-actin 
confirmed that transfected colls represented smooth muscle cells (D) Magnification x160: 



Table 1 . Summary of organ pathology and serum biochemical parameters from pigs that received 
ADV-tk and ADV-AE 1 vectors by catheter after balloon injury. Organs were analyzed from animals 
thai received A0V-lk/-GC (n « 8). ADV-tk/+GC (n = fl). ADV-AE1/+GC (n = 4). and ADV-AE1/ 
-C3C (n = 4) treatment CPK, creatine phosphokinase; LDH, lactate dehydrogenase; SGPT. serum 
glutaminc pyruvate transferase; SGOT. serum glut amine oxaloacetic transferase: AP, aikaHne 
phosphatase, BUN. blood urea nifrogen; Cfl. creatinine; N/A, no applicable tests. 




Organ 



Pathology 



Serum biochemical 
parameters 



Transteclnd artery 

Nontranafncted artory 

Heart 

Lung 

Liver 

Kidney 
Spleen 

Skeletal muscle 
Ovary 



Adventitial mononuclear Infiltrate 

Normal 

Normal 

Normal 

Normal 

Normal 
Normal 
Normal 
Normal 



N/A 
N/A 

CPK, LDH-normal 
N/A 

SGPT, SGOT. AP. 

bllfrubin-normal 
BUN, Cr-normal 
N/A 
CPK 
N/A 
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the mute of vector administration is intra 7. 
vascular, however, and the duration of 
expression is limited by expression of a 
suicide gene. Therefore, we examined the 
toxicity of this adenoviral vector delivered 
by arterial catheterization. Although the 
presence of vector could be detected by 
polymerase chain reaction (PCR) in major 
organs 5 days after gene transfer, expression 
of an alkaline phosphatase reponer gent- 
could not be detected (25), suggesting very 



low levels of transduction. Analysis of ar- 
tery" tissue sections revealed no major ad- 
verse responses to the ADV-tk vector in 
vivo. In arteries, occasional mononuclear 
infiltrates were found in the adventitia with 
no evidence of vasculitis ot necrosis in the 
intima. Tissues from the major organs of 
these animals, including nonfratisfectcd ar- 
tery, heart, lung, liver, kidney, spleen, 
skeletal muscle, and ovary tihowed no sig- 
nificant pathological lesions, and standard 
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Fig, 3. Blect ot ganciclovir 
on intima! and modlal ar- 
eas in arteries aft or balloon 
injury and infection wilh 
ADV-tk vector. Repreaen- 
tative cross sections front 
iliofemoral arteries of pige 

(A) injured tor 1 min. then 
infected with ADV-tk vector 
and treated wilh saline 
(left) or ganciclovir (right); 

(B) injured for 5 min, then 
Infected with ADV-tk vector 
and treated with saline 
(left) or ganciclovir (right); 
and (C) injured for 5 min. 
then infected with ADV- 
AE1 and treated with saline 
(left) or ganciclovir (right). 
These arteries were exam- 
ined 3 weeks after injury 
and gene transfer (hema- 
toxylin and eosin stain, 
magnification x87) Mea- 
eurements of l/M area ra- 
tios (D) are from arteries 
infected after a 1 -min injury 
and 3 weeks posttransfec- 
tion with ADV-tk vector and 
treated with saline (0.445 
± 0.047, n - 4 arteries) or 
ganciclovir (0.057 + 0.027. 
n « 4 arteries): infected 
after a 5-min injury and 3 
weeks posttransfection 
with ADV-tk vector and 
treated with saline (0.512 
± 0.047, n = fl arteries) or 
ganciclovir (0.205 ± 0.065. 
n - 8 arteries); infected 
after a 5-min injury and t> weeks 
posttransfoctlon with ADV-tk vec- 
tor and treated with saline (U 630 
± 0.099, n = 4 arteries) or ganci- 
clovir (0.334 ± 0.024, n = 4 arter- 
ies); and infected after a 5-min 
Injury and 3 weeks posttransfec- 
tion with ADV-AE1 vector and 
Liuated will i bad no (0.481 x 
0 020. n - 8 arteries), or ganci- 
clovir (0 446 ± 0.027. n = & arter- 
ies). A statistically significant re- 
duction in l/M area ratios was 
observed in the ADV-tk/+GC 
group compared with ADV-tk/ 
-GC (1 min, 3 weeks, two-tailed unpaired i test. P < 0.05); ADV-ik/fGC compared with 
ADV-tk/-CC. ADV-AC1/-GC. and ADV-AE1/+GC (5 min. 3 weeks, AN OVA with DunnwU'a * lesl. P 
< 0.05); and ADV-tk/+GC compared with ADV-lk/-GC (5 min. 6 weeks, two-tailed unpaired I test, 
P < 0.05). I. intima: M. media; GC, ganciclovir. 
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serum biochemical parameters were within 
the normal range (Tabic 1), Thus, the in 
vivu toxicities of this adenoviral vector 
administered through an intra -arterial route 
were minimal. 

Taken together, these data suggest that 
introduction of «* replication-deficient aden- 
oviral vector encoding herpesvirus tk limits 
intimal hyperplasia after balloon injury. This 
prodrug approach, in which high levels of 
r ecombinant tk gene arc expressed locally, 
appears well suited to address the problem of 
vascular smooth muscle cell proliferation. 
This method provides for sustained expres- 
sion and conversion of the prodrug to its 
toxic form locally at the time of t>cak cell 
proliferation at concentrations that ennnot 
Ik: achieve d by dmg delivery. Despite the 
success oTicvcral pharmacological (27, 28) 
and antisense oligonucleotide (29) interven- 
tions in balloon injuries in the rat, the 
applicability of the rat carotid artery injury 
model ro human vascular disease U uncer- 
tain. For example, although angiotensirt- 
converttng enzyme inhibitors limited intimal 
hyperplasia in a rat carotid artery injury 
model (28), two larger international clinical 
trials subsequently showed a lack of effec- 
tiveness of these treatments in human reste- 
nosis (3, 30). Although the efficacy of 
ADV-tk gene transfer for balloon injury in 
this porcine model may provide » more 
relevant test than the injured rat carotid 
artery for its appropriateness in humans, the 
model still differs from human restenosis in 
that these pigs are not hyperlipldcmic. It is 
known that gene transfer can be achieved in 
atherosclerotic rabbit arteries (31); however, 
it remains to he determined whether this 
approach will prove therapeutic for humans. 

In theory, it would be advantageous to 
target vascular smooth muscle cells specifi- 
cally in vivo, allowing the endothelium to 
resurface the arterial lumen which would 
reduce thrombogentcity (32) and vasocon- 
striction (33). Al f h™»ffh pa^jf tovffk^inf 

s elective for smooth muscle cells, irTwoufd 
a ppeal ilmt selectiv ity for dividing cellsTSs 

been ach ievp^ in t hi< sn^y I hp e n/Whplial 

surface was found to regenerate at 3 to 6 
weeks, as evidenced by morphology (Fig. 3, 
A to C), by scanning electron microscopy, 
and by vWF irnmunohistochemistry (34) in 
the injured arterial segment (25). The time 
course of endothelial cell rcgrowth was thus 
delayed, suggesting that rccndothelialization 
occurred after ganciclovir treatment. In por- 
cine iliofemoral balloon injury, rccndotheli- 
alization may occur asynchronously with 
vascular smooth muscle growth (20). The 
ability to regenerate a significant amount of 
endothelium and to maintain patency of the 
lumen could compensate for the loss of 
endothelium in the short term while the 
capacity for reendothellallzarion at longer 
periods of time remains. 



SCIENCE • VOL. 265 - 5 AUGUST 1994 



7B3 



REF ERENCES AND NOTES 

fr. R. Ross, NaturoSGZ. 801 (1993). 

2 M L Knudtaon, V. P. Flintc-ft. D. L. Rolh. J. L. 
Hanaen, H. J. Duff, J. Am. Colt. Cardiol. 15, 691 

(1990) P. W. Senuys at eJ . Ciicutation 84. 1568 

(1991) : MERCATOR Study Group, to**. 86. 100 

(1992) C- J- Repine at el.. itwd.81, 1753 (1990): J 
H. O'Keefe ef a/ , J. Am. CoU. Cartiol 19. 1*97 
(1992). 

3 C. Landau. R. A. Lange. L. 0. Hllfo. V Engl. J. 
Mod. 330. 981 (1994). 

4 jE. French. M. A. JdAAinQfi. H. W. Ftoroy Aw 
NX. Acad. Sci. 127, 7B0 (1966); F. H. Sims, 
PBthnkm 21. 11S (1089) 

5. M. F. Prescott. C. H. McBrida. J. 

j. Von Uncten. J. Papacy Am J. Pathnt. 1M. 139 
(1991) 

6 J.S.fWtmon.RW.Mahley.O.L Fty. Atheroscle- 
rosis 119(1982). fc( v A . 

7 H Lugmbuhl and J. E T. Jones, Ann ^ Acad. 
Sci 127 763 (1966); B H.Welner. I. S.Ockene J 
J^rujlycb. K. E. Frit*. A. S. Daoud, Ocutefinn 72. 

8. C^Qir^O and E. J Buwio. 8/uud 79, 2507 
/1 992*) 

9 R W Wieatef and 0. Vesselinovitch. Ann NX. 
' Acad 3d 149. 907 (1968); B. H. Weiner et at., N. 

EnoLJ. Med. 316. 841 (1986); R S Schwartt of 
si Circulation 82. 2190 (1990); R. S. Schwartz of 
d Artaftosclef. Thromb. 14, 395 (1994). 

10 P M Steele e/sf . C/rc. /tes 57. 105 (1985) 

\V R. S. Schwam ef J Am Coff Canto/. 19. 267 
(1992) 

12 P C Block. R. K. Mylar, S. StertzOf . J T f allon. N. 

Entf. J, Med 305. 382 (1981) 
13. E. G. Nabal. G. Plautz, G. J. Nabel. Science 249. 

1285 (1090). ^ a 

T4 i prop. Waff. Acatf. Sci L/.SA 69. 5157 

(1992) E.O Nabelefa/.^ Cfin tnvesr .91. 1022 

(1993) ; E. Q. Nabel ef a*. War/. Acad. Sc; 
USA 90, 10759 (1993); E. G. Nabel el a/.. Nafure 
362 844 (1993). 

15 J. W. Gordon. G. A. Scengoe. K. J. Plotkm. J. A 
Barbosa F. H. Ruddle. Proc. Natl Acad Set 
USA 77 7380 (1980); E. Borrelli. R Heyman. M 
Hai R M. Evans. Ibid. 85. 7572 (1988); R- A 
Heyman ef a/.. /bW. 86, 2698 (1989); X O Breake- 
fteld and N A. DoLuca. Now Biol. 3. 203 (199U 

1$ f L Moolten and J. M. Wells. J. Natt. Cancer Inst 
82 297 (1990); F L. Moollen 61 a/.. Hum. Gone 
Their. 1. 125 (1990): Z. D Eizeddlno of a/.. New 
Biol 3 *60G (1991): K W. Culver el at. Science 
256 1550 (1992); $. H. Chan. H. D. Shine. J C. 
Goodrnan, R G. Grossman. S L Woo. Proc. Natt. 
Acad. Set. USA. 91, 3054 (1994). 

17 K. O. Smith et at, Antlmtcrcb. Agents Chemother. 
22, 55 (1982): A. K. Raid et al. t Proc. Natl. Acad. 
$c) U S A B0, 4139(1983). 

18 G- Plautz. E G Nabel. G. J Naoel. New Biol 3. 
709 0991) ^ . v , 

19 After anesthesia and Intubation, domaHtic York- 
shlro pigs (12 to 15 kg) underwent sterile surgical 
exposure ot the Iliofemoral arteries In accordance 
^thbtttitutionalaiilmalcajeouldelineB Adoubla- 
baDoon catheter (C R. Bard. Incorporated) waa 
Inserted Into the Iliofemoral artery. Tbo proxtrml 
balloon was inflated to a preaeura ol 500 mml 1Q. 
maaai^od by an on-line pfesBure liansduccr, for b 
min All animala received an intrav<ji\OUS intusion 
ol BrdC (Siflma, St Louis. MO), 25 nig/kg total 
doae 1 hour before dealtv ImnKJnoMstoriwrTWKiry 
with monoclonal antibody to BrdC (1:1000 dilu- 
tion, Amersham Ute Sciences, Arlington Heights. 
IL) was performed to label nuclei in proliferating 
celts ac described [N. J. Gonchoroff ef at. J. 
Immunol. Mothoda 93. 97 (1986)]. Idenlillcalion of 
vacoulnr smooth musolo ooUo wJU poilorrncd by 
tmmur>ohlstochomlslry with an antibody to smooth 
muscle a-aetln (1 :SO0 dilution. BoehrlnQor Mann- 
heim, Germarty) as described [F. f t . Isik, T. O 
McDonald. M. FerQUBon. E. Yamanaka. D. Gor- 
don. Am J. Pathol 141, 1139 (1992)1- 

20. V. J. Pomplll, H. S. San. O. Gordon, G. J Nabel. E. 
G. Nabel, in preparation. 

21. P. Lamaichand era/., Proc. Natt. Acad. Sci U.S A 

784 



69 G482 (1992) P. Lomarchond. M. Jones. I. 
Yamada. H. G CrystoL fim ^ 72. 11 32 (1M3); 
r J Guzman. P. Umarcnand. R G. Crystal. S. E. 
Epntein T. Finkol. Circulation 88. 2838 (1993). fi. 
W Lae 0 C. Trepnell. J. J. Rade. R. Vlrmant. D. 
A. Dlcnak. Cirv. Res. 73. 797(1993) . £. Barr et a/.. 
Gene Thar 1. 51 (1994). 
22 E G Nabel G Plautz. F. M. Boycc, J. C, Stanley, 

' G. J Nabel, Science 244. 1342 (19B9). 
& Domestic Yorkshire pigs (1 2 to 15 kg) were anes- 
thetized with zolazeparnln'tltetamine (6.0 mg/kg) 
In comblnailon with (2.2 mg/kg mtramuacular) 
rompun with 1% nitrous oxide. The Iliofemoral 
artorles were exposed by sterile surgical proce- 
dures and a doublo-balloon catheter was Insert- 
ed Into the Iliofemoral artery as described (*S, 
22) The proximal balloon was Inflated to 500 
mmHQ as measured by an on-line pressure 
transducer, for 5 min. The bpUoon was defl*i«d 
and the catheter was advanced so that the central 
space between the proximal and dlslal balloon 
now occupied tho region of previous balloon 
injury. Both balloons woro Inflatod. ond tho cog 
ment was irrigated with hepartnized saline. The 
adenoviral inoculum was instilled tor 20 min m the 
central space dt the catheter The catheter was 
removed and antegrade blood flow a* restured. 
Trie Injured arteries ol two pigs were infected with 
an adenoviral vector [1Q 10 piaoue tormlng units 
(PFU) per mlliniter] encoding a reporter gene, 
human placental alkaline phosphatase, or en 
ADV-AE1 vector, and arteries were analyzed 5 
days later to determine which vascular cells ex- 
pressed the recombinant .gene, Histochomicel 
Staining tor alkaline phosphatase was pertormed 
as doscrtbed (M. D. Rekhter ef at.. Am. J. Pathol. 
43, 1634 (1993)). All other anirnels were tnfectod 
wllh ADV-tk or AtTV-AEI vectora: in «ech animal, 
both Iliofemoral arteriee were transfected with the 
same vector at a titer of 1 x 10'° PFU/ml end 07 
ml was usodrn each animal (final dose o!7x 10° 
PFU) Thirty six hours after balloon Injury (1 or 6 
min) and adenoviral Infection treatment with gan- 
ciclovir or saline was administered for 6 days. 
Ganciclovir (25 mg/ko) was delivered Intrave- 
nously twite a day Uuuuyh an indwelling callieter 
in the internal jugular vein, to yield a dally dose of 
50 mo/kg A weighi-ad|usiod equivalent volume of 
saline was used to treat control animals The 
vessel aenments in these pigs Infected with ADV- 
tk or AOV-AE1 vectors were excized 21 or 42 days 
War. Each artery was processed In an Identical 
manner. The region of instillation between the two 
double baOoona waa cut into five cross-sections 
of Identical size. Sections 1 and 4 were fixed in 
methyl Carnoy and sections 3 and 5 were fixed in 
formalin, and all Melons were rwHtfirvRmhod- 
ded and stalnod wiih hematoxylin eosm. Addition- 
al antibody studies were performed on methyl 
Carnoy- or lormalln-flxed arteries. Tissue from 
aection 2 was fiesh-trozon in liquid nltrogon and 
stored at -80*C for DNA Isolation. Moasuiemonts 
ol iniimat and medial aroa wore determined In four 
section* from each artery in a blinded mannor by 
twn independent readers, and the inuasuieiTienlS 
for each artery were averaged. Slides of arterial 
specimens were studied with a mlcroscope- 
basod video inwglng analysis system (Image- 1 
System. Universal Imaging, Westchester. PA) as 
described [E. G. Nabel et Hi. Proc. NatL Acad 
Sci. US A 90. 10759 (1993)] Comparisons ol 
l/M area ratios between the four groups Of 
animals ADV-tk/-GC. ADV-tW+GC. ADV-AE1/ 
-GC and ADV-AE1/+GC. ware mado by 
ANOVA with Dunnctt's t test (24). Comparisons 
of l/M area ratios for 1-mln Injury and e-week 
Interval ADV-tk groups were made by twr>tailed 
unpaired f test. Statistical significance waa as- 
sumed if a null hypothesis could bo rejected at 
thn 0 05 Ifivel. 
?4 C W. Dunnott, Biomattics 20. 482 (1984); B. J. 
Winer, Ed.. Statistical Principles in Experimental 
Design (McGraw-Hill. New York. 1971). p 281 
25. T. Ohno, D. Gordon. H. San. G. J. Nabol. C. G. 

Nabel. unpublished observations. 
V$. R M Simon at at. Hum. Gene Thar. 4. 771 (1993). 

SCIENCE • VOL. 265 • 5 AUGUST 19$M 



27. A. W. Clowes and M J. Karnowsky. Nature 265. 
625 (1977). 

28. J. S. PowcQ otaf . Science 245. 1S6 (i960). 

29. M Simons, E. R. Edelman. J. L DeKeysef, R. 
Uanger, a 0. Rosenberg. A/afiire359, 67 (1992); 
R. Monahita at al.. Proc. Natl. Acad. Sci. U.S.A. 
00 6474 (1993): M Simons, E. R. Edelman, R. D. 
Rosenberg. J. Clin. Invest. 93. 2351 (1994); R 
Moriahila at at., ibid., p. 145fl. 

30 MERC ATOP Study Group. Circulation 66, 100 

(1992)- D. P. Faxon, flwd.. p. I-53. 
31. G LeCiarc ef at., J. Cttn. invest. SO. 938 (1992). 

32 M R. Baumgartner. R. Muggll, T. B. Tschopp. V. T. 
Turltto. Thromb. Haemostasia 36. 125 (1976); S. 
Moncado A. G. Herman, E. A. Htoas. J. R. Vane. 
Thromb .Ros. 11.323(1977). 

33 R F. Furchgntt and J. V. Zawadzki. Nature 288. 
373 (1080); J- Shimokawa and P. M. Vanhoutte. 
Cue Res. 64. 900 (1989). 

34 ErvjnfrtBoaiceaawerolctent 
to human WVF (1:10.000 dilution, Atlantic Antlbod- 
les) by an Imnuirioperoxidase technique [D. Gor- 
don M A Reidy. E. P. Qenditl. G. M. Schwartz. Proc 
Natl Acad. $d USA 87. 4600 (1990)1- 

36. The recornblnant adenoviral vector, ADV-tk, was 
crjnslructod by homologous nxxxnbination between 
subatio geriomic DNA an AdS dwrvetfve with a 
detotlon In the E3 regloa and an t^-tk expression 
plasmJd. pAd-HSV-tk. These recombinant adenovi- 
ral v actors have srxjuences In the E1A and E1B 
region delotod. Impairing the ability of this virus to 
replicate and transform ryjnperrnlsslve cells. Briefly, 
tho pAcVHSV/-tk plasmkJ was prepared by Inlroduc- 
mg the Wx> l-Hlnd 111 tragmeni of an HSV-tk expres- 
sion vector. plC 19WMC1-TK (S. L Maneour. K. R 
Thomas. M R Capecchl. Nolurett*. 348 (1988)). 
Into the Bgl II site of pAd-Bgl n (37) which had the 
|©fth^s<K*jQnceorfrlx* 

and E10. A human embryonic kidney cell line thai 
expresses E1.203.wa3 cotranofootod with 10 |&g of 
Nhe ^posted pAd HSV-tk and 1 jtg of Cla I and 
Xba l-digested Sub3fl0 DNA Infectious viruses 
were isotatod by plaque looiaibn. and piaquos oorv 
laining recombinant orJenuvirus wuw screened tut 
tk activity The EtA- and ElB^deteiad adenovirus. 
ADV-AE1 , waa constructed by using the ECO RV- 
digested pAd-Bgl II ptasmid with nd insert In place 
of pAd-HSV tk. The adenoviral vector encoding hu- 
man placental alkaline phosphatase (ADV hpAP) 
was constructed by insertion at a fragment from a 
hpAP axpressxjn vector under control of the Cyto- 
megalovirus enhancer into pAcVBfll II, and the re- 
combinant adenovirus was rjenereted by homolc- 
rjoua rewmbtnation between olaarmd Ad hpAP and 
Ad5 genomic DNA The structure of theae viruses 
was confirmed by Southern (DNA) blotting. All re- 
combinant viruses were propagated in 293 coOs 
and purified as described (37) Cesium chlorido- 
purified virus was diaryzed against phOSphate-bUlf- 
Bred aatine (PBS) and dituldd for storage In 13% 
glycerol-PBS solution to yield a tinal concentration 
of 1 X 10 12 to3 x 10 t2 viral particles per maiiliter 
(0 B x 10 10 to 5 x 10 10 PFU/nU) All btocka were 
Sterilixed with a 0.45-^ wt « r and evaluated lor 
the presence ol replication-competent adenovi- 
rus by infection at a multiplicity of infection ot 
10 onto 3T3 cells. None o! Ihe slocks used In 
these experiments yielded roplicatlorK:ompe- 
tent virus. 

36. T. Mo3Smsn, J. Immunol Methods 65, 55 (1983) 
37 B t Oavidson, E. D. Allen, K. F Kozarsky. J. M. 

Wilson. B. J, Roessler. Nat Genet 3. 219 (1893). 
38. we gratefully acknowledgo D. Can for providing 
cell lines and tor helpim discussions, M. R 
Capecchl for plC 19R/MC1-TK, L Xu. and X- 
Ung for tccholcai assistance. B. L. Davidson 
and J. M. Wilson tor ADV-hpAP. C- Enger lor 
catheterc. J. Verhayden for providing gancickjwir 
and helpful discusBions. and G. Relsdorph for 
manuscript preparation. This work was Support 
ed in part by grants from PHS (AI33355, G.J.N.; 
HL43507. E.G.N.) and the American Hoart Aaso- 
cialion. E.G.N, is an Established Investigator of 
the American Head Association. 

11 April 1994; accepted 24 June 1994 



